Introduction
Pigeonpea [Cajanus cajan (L .) Millsp . ] is a leguminous crop and its cleistogamous flowers predominantly favor self-fertilization . However, self-fertilization is not a rule in pigeonpea and a considerable degree of natural out-crossing is noticed . According to Onim (1981) , pigeonpeas shed pollen while their flowers are still in the bud stage, and they do not start germinating until the flowers start to wither 24-48 h after their anthers dehiscence . Dutta & Deb (1970) studied pollen tube growth in a style pollinated with pollen from the same flower and observed it to be very slow, taking 54 h to reach the base of the ovary . Those two mechanisms provide a sufficient time gap for the foreign pollen to be introduced on to the stigma by insect pollinators before self-fertilization takes place .
The occurrence of natural out-crossing pigeonpea poses problems in developing pure lines and in maintaining the purity of released cultivars and germplasm accessions . Gupta et al . (1981a) 
Pollinating vectors
Natural out-crossing in pigeonpea takes place as a result of frequent insect visitation from one flower to another within and across the fields and, according to Onim (1981) , each visit to the flower lasts between 15-55 seconds . He also observed that insect pollinators tripped almost all newly opened pigeonpea flowers by the end of the day, thereby introducing foreign pollen on the stigmatic surface .
The activity and availability of pollinating insects is a major factor in determining the extent of outcrossing . At ICRISAT Center, Williams (1977) counted between 5500 and 107333 pollen grains on single Xylocopa spp . and Megachile spp . of insect pollinators, of which pigeonpea pollen accounted for 98 to 100% .
According to Pathak (1970) (Williams, 1977) . She found that thrips (Megalurothrips usitatus) do carry pigeonpea pollen with them while moving from one flower to another, indicating their possible role in cross-pollination . Gupta et al (1981b) also reported the abundance of thrips activity in pigeonpea flowers ; they were unable, however, to affect crosspollination in this crop . Sen & Sur (1964) believed that thrips are responsible for both selfing and outcrossing in pigeonpea .
Extent of natural out-crossing
In pigeonpea, natural out-crossing at a particular location is determined by a combination of factors .
These include the number of insect pollinators present in relation to the number of available flowers, the flowering habit of the varieties, the location of the field in relation to the insect habitat, cropping system, frequency of pesticide application, and environmental factors such as temperature, humidity, and wind velocity and direction (Bhatia et al ., 1981) .
For determining the degree of natural out-crossing, simply inherited traits, such as stem color (green vs purple), leaf type (obtuse vs normal), seed color (white vs brown), growth habit (determinate vs indeterminate), and flower color (yellow vs red) can be used . The number of plants with dominant allele observed within an open-pollinated single plant progeny of a recessive definite pure line will determine the extent of natural out-crossing that occurred in the preceding generation .
A large variation in the extent of natural outcrossing has been reported from various countries or locations within a country (Table 1) . Howard et al . (1919) were the first to report 14% natural outcrossing in pigeonpea at Pusa Agricultural Research Institute in Bihar (India) . At the same institute, Shaw et al . (1932) reported relatively less (1 .6 and 3 .4%) natural out-crossing in two different years . In Kanke (Bihar), Prasad et al . (1972) reported 3 .8 to 26 .7% natural out-crossing . In central India Mahta & Dave (1931) , Kadam et al . (1945) , and Deshmukh & Rekhi (1963) reported varying degrees of natural out-crossing in their experiments (Table 1) . Veeraswamy et al . (1973) planted alternate rows of recessive and dominant marker genotypes and reported 13 .7% natural out-crossing at Coimbatore in south India . Bhatia et al . (1981) conducted experiments on natural out-crossing at four Indian locations using a rectangular layout and reported a considerable variation from location to location in the extent of out-crossing . Onim (1981) grew a mixture of green and purple stem lines in five environments in Kenya and reported natural out-crossing from 12 .6 to 45 .9% (Table 1) . He also observed that the degree of natural out-crossing was positively associated with insect pollinator activity . Besides India and Kenya, a considerable degree of natural out-crossing (Table 1) has also been reported from Hawaii (Krauss, 1932 ; Wilsie & Takahashi, 1934) , Puerto Rico (Abrams, 1967) , Trinidad (Ariyanayagam, 1976) , Australia (Byth et al ., 1982) , and Uganda (Khan, 1973) . The procedures used in estimating the degree of natural out-crossing in various studies do not permit the recovery of natural hybrids that would have resulted from out-crossing within the recessive and dominant marker populations and from recessive to dominant genotypes . If it is assumed that an equal amount of out-crossing was undetected, then the total amount of out-crossing would be considerably greater .
Variation for natural out-crossing ability
Besides the population of pollinating vectors and environmental conditions, the genetic constitution of a line also influences the degree of natural outcrossing in pigeonpea . This could be due to genetically determined morphological factors . Prasad et (ICRISAT, 1981) . In this type of flowers, the keel petal partly surrounds the standard petal and enfolds the two wing petals, delaying flower opening until after the fertilization is complete . The mechanism that inhibits natural out-crossing in this genotype is not fully understood . However, it appears that a delay in the floral bud opening fails to attract insect pollinators, resulting in a high level of self-fertilization .
Non-genetic influences on floral biology are also likely to alter the pollination behaviour . Saxena et al (1987a) reported that in certain cases the genotypic differences observed in natural out-crossability at one location could be modified with a change in the environmental conditions . Mahta & Dave (1931) observed that the flowers of pigeonpea remained open at Pusa (Bihar) in northeastern India as long as a day and a half, but at Nagpur in central India it was normally for 6 hours . This is likely to influence the degree of out-crossing in a genotype .
In some pigeonpea genotypes, inherent crossability barriers are also reported . At ICRISAT we noticed an extremely high level of genetic purity in the open-pollinated progenies of germplasm accessions ICP 11947 and ICP 102, which was attributed to their inability to hybridize as a female parent . Singh et al . (1980) reported genetic variation for crossability in some pigeonpea lines . Saxena et al . (1987b) also reported cross-incompatibility in a pigeonpea line HPL 31 . In such genotypes, foreign pollen left by the pollinators on the stigmatic surface will not result in cross-fertilization . These factors, when present in a pigeonpea line, will inhibit or reduce natural out-crossing, and such a line can easily maintain its genetic purity under open-pollination .
Isolation specifications
Natural out-crossing is the major source of varietal contamination in pigeonpea and, in order to maintain genetic purity of cultivars, seed multiplication in isolated blocks is necessary . On account of the wide range of out-crossing reported in the literature, the isolation specifications are equally variable . The FAO (Agric . Series No . 55), however, recommends an isolation in space at a minimum of 180 m to a maximum of 360 m (Ariyanayagam, 1976) . For the production of foundation and certified seed of pigeonpea, Agrawal (1980) recommended isolation distances of 400 m and 200 m, respectively . Faris (1985a) , however, suggested that for quality varietal seed production two pigeonpea varieties should be separated by at least 100 m, and for breeder's seed production this distance should be increased to at least 200 m . Based on out-crossing data, Sen & Sur (1964) recommended an isolation distance of 11 m while Ariyanayagam (1976) suggested that use of a crop barrier of 13 m width for maintaining the genetic purity of cultivars . Such diverse isolation recommendations could be due to the differences in the population of insect pollinators in different areas . Therefore, it is difficult to have an efficient and uniform recommendation on the isolation requirement for pigeonpea . Hence, it is imperative to determine the extent of out-crossing in an area to formulate suitable breeding and varietal maintenance programs .
Pending this, the isolation specifications recommended by FAO may be followed .
Utilization of natural out-crossing in pigeonpea improvement
In recent years, there has been a growing feeling that breeding of self-pollinated crops suffers a great deal from their narrow genetic base and limited genetic recombination . The use of three-way, double-cross, and composite cross populations broaden the genetic base of the segregating populations to some extent, but owing to a predominant selfing mechanism the conservative forces of linkages restrict the reshuffling of genes coming together from diverse parents or keep it to the minimum . Therefore, random mating between selected genotypes by controlled hand pollinations has been recommended for increasing recombination in heterogenous base populations (Suneson, 1956 ; Jensen, 1978) .
In view of partial natural out-crossing in pigeonpea, population improvement need not necessarily be confined to the various hand-pollinated intermating schemes based on self-pollinated crops . The extent of natural out-crossing in pigeonpea can be exploited with advantage by the use of suitable simple recessive markers and male sterility . Khan (1973) and Byth et al . (1981) proposed schemes for utilization of natural out-crossing in recombination breeding aimed at simultaneously creating genotypic variation and selection in pigeonpea . Green et al . (1979) used a combination of natural outcrossing and obtuse leaf recessive markers to develop dual populations in pigeonpea, as suggested by Rachie & Gardner (1975) . In Kenya, Onim (1981) used natural out-crossing to develop disease-resistant, high-yielding pigeonpea composite populations . In Australia, E .S . Wallis (personal communication) used insects for mass hybridization to develop polycross populations in short-duration pigeonpea . Faris (1985b) developed six populations by using natural out-crossing for recurrent selection in pigeonpea at ICRISAT Center . Besides genetic recombination, a substantial level of natural out-crossing in pigeonpea offers a unique opportunity for commercial exploitation of hybrid vigour . A heterosis breeding program in pigeonpea, based on natural out-crossing coupled with genetic male sterility, was initiated at ICRI-SAT Center, and high-yielding, drought-tolerant hybrids have been developed (Saxena, et al ., 1986) . The success of pigeonpea hybrids has enhanced the possibility of breaking the productivity threshold levels of pigeonpea .
The pigeonpea plant thus offers an opportunity to (i) manipulate the variation in its floral biology towards self-pollination and to handle such populations for improvement and maintenance by conventional breeding methods, and (ii) manipulate the variation towards out-crossing and handle the improvement of populations, through heterosis breeding, using genetic male sterility, cytoplasmic male sterility (to be searched in pigeonpea) and male gametocides (Kaul & Singh, 1976) . However, for utilizing natural out-crossing for assured gains in pigeonpea yield through population breeding and hybrids, the breeder should determine the 1ev-147 el of out-crossing at a particular location to develop efficient breeding and seed production strategies .
